Bi-layer graphene (BLG) can be a cheaper and more stable alternative to graphene in several applications. With its mechanical strength being almost equivalent to graphene, BLG also brings advanced electronic and optical properties to the table. Furthermore, entrapment of water in graphene-based nano-channels and devices has been a recent point of interest for several applications ranging from energy to bio-physics. Therefore, it is crucial to study the over-all mechanical strength of such structures in order to prevent system failures in future applications. In the present work, Molecular Dynamics simulations have been used to study crack propagation in BLG with different orientations between the layers. There is a major thrust in analyzing how the angular orientation between the layers affect the horizontal and vertical crack propagation in individual layers of graphene. The study has been extended to BLG with confined water in interfaces. Over-all strength of graphene sheets when in contact with water content has been determined, and prominent regional conditions for crack initiation are pointed out. It was seen that in the presence of water content, graphene deviated from its characteristic brittle failure and exhibited the ductile fracture mechanism. Origin of cracks in graphenes was located at the region where the density of water dropped near the graphene surface, suggesting that the presence of hydroxyl groups decelerate the crack formation and propagation in straining graphenes.
INTRODUCTION
Promising mechanical stability of two-dimensional materials and their allotropes have caused a stir in industries that have resulted in their widespread applications ranging from bioelectric sensing devices, organic light-emitting diodes, photovoltaic cells, energy storage devices, composite material to name a few [1] [2] [3] . Pioneer of 2D materials, Graphene is a honeycomb lattice of sp 2 hybridized carbon atoms. Having been discovered in 2004 [4] , it has come a long way in terms of its industrial applications, paramount credit for which goes to its mechanical stability.
Nevertheless, there have been many questions regarding the stability of a free-standing single atom thick graphene [5] . Due to this, multilayer forms of graphene such as graphite, multilayered graphene (MLG), and bi-layer graphene (BLG) are more popular in actual applications. While graphite is an ordered three-dimensional lattice of graphene, MLG and BLG are analogues to 2D graphene having less than 10 layers in MLG and 2 layers in BLG. Experimentally, these multilayer forms are cheaper to synthesize and maintain [6] [7] [8] . Additionally, it is seen that the properties of graphene do not vary greatly from MLG and BLG [8] . Thus, MLG and BLG have been used as alternatives to graphene in multiple applications. Such as in the case of graphene-based nanocomposite materials, BLG is the material generally used [9, 10] . Experiments have shown that the majority of nanocomposite where graphene has been used as reinforcement to enhance its mechanical or electrical properties has been, in fact, BLG rather than single layer graphene [9, 11] .
Bi-layer graphene is relatively less studied than single layer graphene. But it has the potential to become an alternative to graphene in several applications, such as replacement to silicon in semiconductors [12] . These graphene-based semiconductors can be smaller than silicon semiconductor. Lin at al [13] have reported that a transistor made from single layer graphene faces interface problems while bi-layer stacking can reduce the problem. BLG also has vast prospective applications due to its electronic properties and can be used for switching functions in nonelectrical devices [14] . It was brought to light that it has negligible electronic noise due to its unique band structure which allows screening of potential fluctuations by impurities [13] . BLG also exhibits unusual optical properties. Huang et al. [15] studied spectroscopic features of single layer and bilayer graphene. It was observed that the inter-Landau-level absorption spectrum in BLG was higher than that of graphene. This was found to be the result of a new type of quantum hall effect which is also responsible for higher conductivity in BLG as reported by Novoselov et al. [16] .
Inversion symmetry in BLG can be modified by applying strain in order to modify its band gaps further widening the prospects of BLG [17] . It is to be noted that most of the mentioned properties of BLG are studied with respect to AB stacked BLG which is its most common and stable form.
Jiao et al. [18] studied the mechanical properties of the differently stacked BLG. The Young's modulus for AA stacked BLG in zig-zag and armchair direction were reported to be 797.2 GPa and 727.4 GPa respectively, while for AB stacked (Bernal) BLG, it was 646.7 GPa and 603.5 GPa, respectively. Sometimes, two layers in BLG orient themselves at different stacking angles, commonly called stacking defects [19] . Recent studies have shown that turbostratic BLG with different crystallographic angles exhibit unique electronic and optical properties. [20, 21] These reports draw out the potential of BLG in going beyond graphene in terms of its applications.
Though BLG with different stacking angles and their varied electronic -optic properties have been the concept of many studies, the influence of their orientations on structural -mechanical integrity of BLG has not been emphasized enough. The effect of these twist-defects can go beyond and impact the structural integrity of BLG entirely. Alden et al. in 2013 brought to light that such turbostratic orientation can lead to spontaneous symmetry breaking in BLG, leading to the formation of multiple stacking domains (grains) with different stacking orientations [22] . Another report experimentally characterizes these multiple stacking domains and grain boundaries , providing deep insight into their elaborated Moire patterns due to independent stretching and shear [23] . In terms of mechanical stability, other profound defects present in graphene and BLG have been extensively studied such as Stone Wales defect, divacancy defects, etc. [24] [25] [26] , whereas failure mechanism of individual graphene in BLG in presence of another layer remains less explored. It is understood that under strain, crack propagation is hugely dependent upon interference of friction [27] , a phenomenon that is very prominent in BLG. A sliding crack surface can act as shielding mechanism and either 'open' the crack further or 'close' the crack growth propagating in mode III [28] . Although, generally, such a phenomenon leads to a decrease in crack propagation rate with the length of crack, its results may vary from material to material. Very limited reports exist where the prominence of this phenomenon have been emphasized in 2D materials [27] . With the growing prominence of turbostratic oriented BLG in applications ranging from optics to energy, it becomes crucial to know the basic effect of orientations on the coherence of crack propagation. There have been attempts to trace stress-strain plots of common forms of stacked BLG, AA and AB stacked [18] . A study by Muniz et al. [29] have highlighted the atomic stress distribution in Moire patterns in oriented BLGs under tensile strain. The major focus of their study is the prominence of fracture initiation at grain boundaries of functionalized BLG. However, in our knowledge, there have been no reports emphasizing coherent crack propagation in differently oriented BLG.
Another common shortcoming in graphene-based structures is the entrapment of water within layers. Water often gets trapped in the midst of the graphene layers/ graphite either accidentally during synthesis in a humid environment or is intentionally arranged there for varied applications in the field of biophysics, nano-fluidics, energy storage, environmental and so on [30] [31] [32] [33] . While Graphene-water interaction has been a great point of interest for over a decade, dynamics of water inside layers of graphene and over-all impact of the structure on the mechanical strength of the latter have been missing in the literature. Graphene has been called out for its dualsurface behavior with regards to water hydrophobicity and hydrophilicity [34] [35] [36] [37] [38] [39] . Though inherently hydrophobic, it also adsorbs water molecules on its surface [37] . There are some studies emphasizing the dynamics of water in a graphene channel and carbon nanotubes [31, 40] . One common and interesting feature of water is its phase transformation to solid forming rhombic ordered ice when compressed in graphene layers [41] [42] [43] [44] [45] . In this regard, Abbaspour et al. recently explored crystalline water structures when confined in different 2D materials by means of molecular dynamics [42] . Another report discusses the structural dependence of compressed solidified water on the initial water content in confinement [43] . The same study highlights that in addition to the water content and slit width of the confinement, the lattice of ice is also dependent upon the stacking form of BLG. The density of amorphous AB stacking ice was found to be higher [43] . This draws out the enormous role of stacking in dynamics of confined water in BLG.
Turbostratic orientations in BLG not only affect their electronic and optic properties but also has an impact on mechanical stability and its interaction with confined water. In this study, differently stacked bi-layer forms of graphene (0-60°) have been subjected to uniaxial tensile strain to analyze the effect of stacking on the coherence of fracture propagation in bi-layers by means of Molecular Dynamics (MD). The difference in the edges of both the layers and the consequent change in stress-strain plots have also been emphasized. Most importantly, the dual effect of confined water content and stacking on ultimate stress has been detailed. These results are supported by additional observatory data regarding the capillary motion and density of water in the interface of BLG. The question of the surface characteristic of graphene when in strain has also been addressed. Our study reveals the stability and higher mechanical strength of BLG with confined water for upcoming applications such as in the field of energy storage where water confinement is considered a promising way to enhance interlayer distance for faster ion diffusion. The presence of water causes a deviation of BLG from brittle to a ductile-brittle material.
METHODOLOGY

Molecular Structures
Molecular structures for the present study can be categorized into three model sets based on the simulations: (i) Single Layer Graphene (Gr), (ii) Oriented Bi-layer Graphene (BLG) and (iii)
Water confined Bi-layer Graphene. Model (i) Single Layer Graphene (Gr) was taken to analyze the fracture behavior of the pristine structure. A periodic Gr with dimensions 110 X 110Å was taken and tensile loading was applied along the armchair edge. In order to map the crack propagation in Gr (360 Å X 360Å), a slit of length l (4 < l < 10 Å) was created in the middle of the Gr sheet in the armchair direction similar to previous report by Datta et al. [46] . Slit length and
Gr size were chosen so as to avoid the effects of the finiteness as described in previous reports [46] and load was applied along zigzag edge. The second group of simulations was done on model set (ii) Oriented Bi-layer Graphene (BLG). The top layer of BLG was oriented at different angles (BLG@0-60°) where 0° and 60° are also popularly known as AA and AB stacked BLG, respectively. Similar to model (i), all BLGs were taken of 110 X 110Å dimensions and interlayer space was taken to be 3.4Å. It can be seen in fig. 1 , with orientation of top layer, the edge structure of the top layer along the straining edge also varies. For AA and AB stacked BLG, top edge is armchair, while for BLG@30° top edge changes to be zigzag. The top layer of BLG@45° has an irregular edge. Furthermore, the thrust of the present study is in strength and dynamics of water confined BLG for which model set (iii) Water confined BLG was simulated. Model set (iii) is divided into four types (Type a-d) based on water content as detailed in Table 1 . Due to water in between the graphenes, distance between two sheets which is also referred to as slit width (h) varied from 4.5 -12 Å. Periodic boundary conditions were maintained in all the models. 
Molecular Dynamics Simulations
All the molecular dynamics (MD) simulations were performed using Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) software [47] . In order to model carbon-carbon interactions, Adaptive Intermolecular Reactive Bond Order (AIREBO) potential [48] was used as it has been previously established that the results regarding graphene fracture using this potential were closer to experimental observations [49] . The interaction cut-off parameter was taken to be 1.92Å. TIP4P/2005 water model was used for the simulation of water molecules [50] . We have considered Lenard-Jones potential (L-J) to model interaction between graphene and water with sigma and epsilon values determined from Lorentz-Berthelot combing rules [51] . Globally accepted potential energy cutoff and dielectric constants for carbon, hydrogen, and oxygen have been taken up from previous works [43] . Systems were minimized using conjugate gradient (cg) method in LAMMPS prior to MD run. The timestep for model (i) and (ii)
MD simulations was 1fs while for model (iii) much lower timestep of 0.0002 fs was preferred.
The micro-canonical ensemble (NVE) was used along with Berendsen thermostat to maintain the temperature at room temperature. Simulations were run for 10ns for BLG and up to 50ns for water confined BLG systems. (1)
where i,j denote indices in Cartesian system; a,b are atomic indices; and denote mass and velocity of the atom a; g is the distance between atoms a and b; f is the force applied by atom a on b and is the volume of an atom a. Consideration of thickness for stress calculation was contingent upon the systems. For Gr, it was considered 3.4Å while for BLG, the value was 6.8Å
taking into account the optimized interlayer distance between two sheets of graphene in BLG is 3.4Å. For water confined BLG, thickness of the entire system was considered (h+ 3.4). However, since h varied throughout the simulation, stress values were highly inconsistent. Therefore, studying the stress in individual layer was preferred for water-Gr system. Stress-strain curves were plotted as done in the previous study by Pei et al. [53] In order to compute Stress Intensity factor (SIF or K) of the systems, the uniaxial strain was applied to Gr with a slit and BLG having a similar slit in the top layer until they underwent complete fracture. The following equation was used to determine SIF
Where KI is mode I stress intensity factor, σn is stress value at the time of first bond breaking and l is the crack length as discussed in section 2.1.
For studying the motion and distribution of water molecules in BLG, their density within slit width 
RESULTS AND DISCUSSION
Coherent crack propagation in bi-layer graphene
BLG with different orientations not only has numerous electronic and optical applications, it is also considered a reliable replacement to single layer graphene in the majority of technologies, as discussed in previous sections. Moreover, there are several reports of existence of turbostratically different grains in a single BLG system [22] . As a result, it becomes crucial to gain a deep fundamental insight into the coherence of crack propagation behavior in such materials in order to prevent mechanical failures in related applications. There has always been a long-standing question about the effect of one 2D material layer on the process of crack initiation and propagation in another layer when stacked together. Herein, BLG with AA stacking, AB stacking are discussed along with their respective turbostratic orientated( 30° and 45°) forms where edges of the system are non-uniform (see section 2.1 methodology). There have been some previous attempts to model mechanical strength of AA and AB stacked BLG [18, 29, 54] . However, the ultimate stress obtained for single layer graphene in these results was too high (~176 GPa) and far from experimental observations [55] . As a result, the very high stress values for BLG also needed to be validated. Further, none of these studies discuss the coherence of crack propagation in both the layers as uniaxial strain is applied along the similar or dissimilar edges. Initially, single layer graphene(Gr), as well as AA-stacked BLG was subjected to uniaxial strain along the armchair edge in order to compare the performance of BLG with Gr. Stress calculations of the systems while it was being strained uniaxially in MD were done via virial stresses (eq. 1). It can be seen in fig.   3 (a) that ultimate stress of Gr is ~ 104 GPa and strain is 0.17. This confirmed the accuracy of AIREBO potential in modeling the mechanical properties of graphene-based materials. Some previous MD based studies employed AIREBO potential [49] to show the same values as theoretical results based on Griffith's criterion [56] . The ultimate stress for AA-BLG was found to be almost equivalent to that of Gr. The ultimate strain was slightly short ~0.158. These values being close to that of Gr indicate the promising aspect of BLG in replacing graphene in applications requiring mechanical strength as BLG can be much cheaper to synthesize and maintain. In order to investigate the crack propagation phenomena in both the systems and uncover the effect of a substrate lattice on the crack propagation in the top graphene layer, Gr, and BLG sheets were strained as discussed in section 2.2. A crack of ~10 Å at the center in an armchair direction was present in the top layer of BLG and the strain was applied in a zig-zag direction (see section 2.2). The results were recorded over every 0.1 ps to analyze the crack propagation with time. Fig. 3(b) shows the initialization of crack propagation in single and bi-layer graphene. The time step at which the crack initialize in both the case is different. In case of BLG, the crack initiation starts at 220.4 ns while in the case of Gr, it starts at 221.8ns which is comparable to the previous reports for graphene [18] . Fig. 3(c) shows the rate of crack propagation with time after initialization. It can be seen that although the crack propagation started early in BLG, after the initiation of crack propagation, the rate at which the crack propagates is not affected by the presence of substrate lattice and is similar to that of graphene in these systems. The vertical propagation of stress from top to bottom layer was also seen in the bi-layer form. The stress intensity factor (SIF) for these morphologies was calculated using eq. 2. SIF is used in fracture mechanics to predict the stress state ("stress intensity") near the tip of a crack or notch caused by a remote load or residual stresses. For pristine graphene, SIF was calculated to be 3.811 MPaÖm.
While BLGs exhibit only slightly lower SIF (AA-BLG SIF ~3.129 MPaÖm and AB-BLG SIF ~3.140 MPaÖm) values indicating the structure itself is marginally weaker than single pristine graphene. to keep the uniformity. It is to be noted that during minimization of the structures, BLG@45° was found to be least stable while AB-BLG was most stable with lowest energy. Fig. 4 plots the stressstrain curve for all the four BLGs. While AA and AB BLG with both layers having identical edge structure exhibited curve similar to that of pristine graphene. Ultimate stresses were ~105-109
GPa. AB-BLG had slightly better performance than AA-BLG in terms of ultimate stress and strain values (as shown in fig.4 ). In contrast to the familiar results of BLG with alike edges, oriented BLG exhibited interestingly contrast results. The value of ultimate stresses dropped significantly to ~85-90 GPa for BLG@30° and ~46 GPa for BLG@45° (see fig.4 ). It is to be noted that BLG@60° is the same as AB-BLG.
The significance of edge along which the strain is applied in graphene is evident from the fact that ultimate tensile stress along the armchair and zigzag edge vary by the magnitude of ~20-23 GPa in pristine graphene [49] . As a result, we see significant drop in ultimate stress and strain for oriented structures. BLG@45° was the least stable form and showed inconsistent results. The major reason for this can be attributed to again the fact that due to orientation, the top layer was arranged such that its edges were highly irregular (as can be seen in fig. 7(b) ). Even though the bottom layer was oriented uniformly and strained along the armchair edge, the ultimate stress values for the bottom layer were ~80-85 GPa which are lower than the values noted for AA and AB stacking. It was also seen that first crack in these structures always initiated in the lower layer. It is therefore deciphered that the presence of interface with the offset top layer affected the over-all mechanical strength of the bottom graphene. The fracture process in the top layer was different for BLG@30° and 45°. As seen in fig. 7(a) , rotation by 30° brought zig-zag edge along the straining side of the BLG. Zigzag edges of graphene are known to endure higher ultimate strain [49] , and therefore, top layer in this structure almost always stood the strain at which bottom layer fractured. However, interesting feature noted was that cracks in top layer always initiated near the propagating crack in the bottom layer. This observation was comparable to failure mechanism in AA and AB stacked structures.
Once crack initiated in the top layer, the structure underwent brittle failure. 
Capillary motion of water in nano-confinement
In the previous section, we observed strong coherence between layers during fracture. It becomes crucial to know the extent of coherence if the interlayer spacing is increased or fluid is confined in the interlayer space. Nano-confinement of water within 2D materials has recently surfaced as a tool to alter interface attributed to several applications [30] [31] [32] [33] . Incorporation of fluids in these interlayer spaces alters the properties for better or worse depending upon the materials and the fluid type. The importance of the study of water confinement in graphene layers is heightened further due to ever going debate about hydrophobic as well as hydrophilic characteristics of graphene. Before proceeding to discuss stresses in the materials involved, water motion in between the layers was mapped during simulations. Stable slit width h (interlayer distance) was determined with varying water content. Four starting structures with varying water content (Type a-d in fig.   8 ) were simulated and upon reaching energy minima, the most stable slit width was determined for each structure. It was observed that by altering the slit width, stability of water confined graphene can be optimized according to its application. The energy of the structures reduced from Type a to Type d as slit width increased, indicating greater interlayer space available to confined water allowed minimum contact with the hydrophobic graphene surface and a subsequent drop in density near the Gr surface. As a result, water density is also the function of slit width. In fig. 8 , snapshots of simulation at various timesteps have been presented for an example of Type c structure with initial slit width 9.5044Å. Water, which was initially evenly distributed, now exhibited a capillary-like motion driven by adhesion forces and weak hydrogen bonding. At about 45ns, the water had clustered to have minimum surface contact with graphene. Graphenes tend to slightly wrap around these water molecules to form wrinkle-like morphology. To trace motion of water in the stable configurations of Type c (h = 9.5044Å) and Type d (h = 12.044Å), center of mass(COM) of water was mapped in xz plane during MD run as discussed in the methodology section 2.2. Fig. 8 also shows the COM charted in xz plane for Type c-d structures for 50ns. Point 1 is the start point of the curve and point 2 is the endpoint. For Type c, the COM of water molecule moves upwards in the z-direction and when the slit width is at its maximum, it starts to descend.
A similar water movement can also be seen in the simulation screenshots. As for Type (d) structure, unlike the curve in the previous case, the COM did not move upward but rather it descends first and then eventually moves back to where it started. One common observation in both the plots was that while COM of water spanned across x dimension greatly, COM for starting and final structure did not differ much in z dimension. To further the investigation on motion of water in BLG, the density fluctuation between the two graphene sheets was investigated for Type c-d. In order to get a clear picture of how water is distributed between two layers of BLG, density was measured bin wise where each bin's height was taken to be of 2Å. Fig. 9 depicts the change in density of water across the slit width of BLG.
The 0 on the x-axis is the center between two graphene sheets i.e the vertical distance (Å) in BLG and y-axis is the density of water molecule(g/cm 3 ). During the MD simulation (50 ns), slit width changed with time resulting in the continuous change in the density distribution. From 10ns onwards, the water seems to have accumulated closer to the top layer. Later during the run, water stabilized near the center of both the layers. A similar pattern is seen in the density plot of Type d structure where initially water has an affinity towards graphene layer, but with time, highest water density is seen near the center of the slit.
Type (a-b) structures with lower water content not only had lower slit width, but also had lower stability in comparison to the Type(c-d) structures. In case of the small slit, the water molecules are very few against the size of graphene sheets, as the result, the graphene sheets try to encapsulate water due to dominating van der Waals interactions. However, when the slit is large with water molecule being relatively in big number, graphene sheets do not exhibit encapsulating tendencies.
This is in accordance with previous studies, where it has been shown that hydrophobic/hydrophilic tendency of graphene might strongly depend upon the relative size of water content [39] . The accumulation of water in the center of slit as seen in case of large water bulk in density distribution supports these observations. From the presented results, it can be concluded that graphene surface characteristics can also be engineered by differing water content dependent slit width. 
Effect of confined fluids on mechanical strength
Several reports emphasize the dynamics and properties of water in different confinement sizes [31, 41, 42] . However, none of them discusses the reverse effect of water on the strength and properties of confining material such as graphene in this case. While in previous reports, water was strained by compression, herein graphene is strained by uniaxial tension without directly disturbing the water in the interlayer space. AB stacked BLG with Type d water content (most stable) post complete relaxation was subjected to uniaxial strain along the armchair edge by means of MD. As the system was strained, slight variations in h and curvature of graphene sheets were noted.
Because the interlayer distance was high in Type d, coherence of the layers was neglected and only the effect of interlayer water content on the fracture of Gr was emphasized. Virial stresses in the individual graphene sheets (top and bottom) were calculated for the system as described in section 2.2. Fig. 10(a - fig.10(c ) . It is evident from the plots that water-BLG deviated from its brittle failure and exhibited characteristics of plasticity. Unlike Gr or BLG in the previous sections, confinement of water increased the toughness quotient of the structure. A most possible explanation can be that the presence of water molecules tends to heal the small cracks in graphene structure due to hydrodynamic action of fluid within the crack (fluid pressure-induced crack closure) [28] . Another possibility of such a result might be due to influence of weak hydrogen bonding prevalent in water molecules and graphene surfaces. As a result, the velocity of crack propagation decreases significantly. Expectantly, very high stress values are then required to push the structure over to the breaking point. The value of breaking point can go as high as 200 GPa as seen in the fig. 10 (ac). Post breaking point stress, it underwent sudden collapse. Some previous works on graphene oxide (GO) have also exhibited brittle-ductile-brittle fracture phenomenon as oxygen content was varied [57] . This evolution has been accounted to the epoxy to ether transformation in GO during straining. The resulting structure was low on strength but exhibited plasticity. However, our work differed from the report as unlike GO, Gr in our system has not been chemically modified and no active bond formation with oxygen was seen during C-C bond breakage. Gr structure was as good as pristine and change in stress-strain characteristic plot was seen entirely due to surface interaction with water. In comparison to BLG, the elasticity in water confined BLG is relatively smaller while the yielding region is rather large. This can imply prevailing ductility in this structure. Here, strain hardening zone is introduced due to crack propagation and atomic re-arrangement. This linearnonlinear-linear transition of curve can be accounted to presence of hydroxyl groups near the Gr surface [57] Further note that, when water content was varied, feature of the curve as shown in fig. 10 did not alter. Therefore, we can say that stacking orientation along with confinement of fluid can be used to engineer strength of materials. To the best of our knowledge, this is the first time such data has been presented with respect to brittle graphene and confined polar fluid like water.
The ductile feature of water confined BLG is also evident in fig. 10(d-e ) where we can see slow crack propagation as the material is strained. This is in contrast to graphene or BLG where sudden fracture was observed once crack initiated in the structure. It can also be seen that most cracks are present in the vicinity of region where the density of water drops. These cracks proliferate further slowly. Fig. 10 (f) traces water density distribution in the slit as the structure undergoes straining.
It was seen that while the highest density of water was near the center of the slit, the structure underwent strain hardening. The collapse of the structure was seen when the water density deviated from the center of slit towards either of the cracking layer. As the water moved away from one layer, it led to the sudden failure of the structure. This was better understood by determining the water in contact with graphene sheets as material was strained. In order to find the contact area of water and graphene sheets, water molecules present within 4 Å range of graphene are considered to be in the contact zone of graphene. Bi-layer graphene was divided into bins of x-length × 5 Å × 4 Å and y-length × 5 Å × 4 Å similar to previous reports [58] . The number of water molecules in the region of each bin was determined at different timestep during simulation and summed up to find the total number of water molecules in the contact zone. With emphasis on region above the originated crack, numbers of water molecules were analyzed as strain was being applied. It was spotted that at the strain before system underwent brittle fracture, water content was minimum in this region. This information supported our observation that contact with water induces ductility in graphenes. In absence of it, graphene collapses in brittle fashion. Therefore, the stress-strain curve of BLG when water was confined within illustrates characteristics of ductile-brittle fracture. 
CONCLUSION
In conclusion, we investigated the mechanical strength of bi-layer graphene with different turbostratic orientations and confined water content. By means of molecular dynamics simulations, we plotted the stress-strain curves of BLG oriented at different angles. These characteristic plots were strongly dependent upon alignment of straining edges of BLG. Moreover, there was a strong dependence of origin of crack in one layer of BLG in the presence of cracks in the other layer suggesting that interlayer dynamics plays a prominent role in furthering the crack propagation.
Another important criterion of the study was effect of entrapped or confined water in bi-layers.
Due to presence of water, interlayer distance increased in BLG and it was found that structures with higher interlayer distance (>9Å) were more stable. Distribution of water in BLG showed that highest density of water remained at the center of the interface in relaxed state. During straining, water content played important role in deviating fracture of BLG from the characteristic brittle failure. It is suggested that interaction between water and graphene near crack tries to heal the crack or reduce the process of crack propagation. Cracks are seen to originate in graphene at points where density of water changes and curvature is formed in the substrate sheet. As straining is continued, surface of graphene increases, and when density of water becomes minimum near proliferating fissure there is a sudden fracture. The stress-strain curve exhibited a noticeable yielding and strain hardening beyond elastic limit before breaking point.
